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CRYSTAL 



(57) The present invention provides a process for 
forming a bulk monocrystalline aluminum nitride by us- 
ing a supercritical ammonia. The process comprises the 
steps of forming a supercritical solvent containing ions 
of an alkali metal in an autoclave; and dissolving a feed- 
stock in this supercritical solvent to form a supercritical 
solution, and simultaneously or separately crystallizing 
aluminum nitride on the face of a crystallization seed. 
This process is carried out in the autoclave (1) which is 
provided with a convection-controller (2) arranged 
therein and which is to produce a supercritical solvent. 
The autoclave is set in a furnace unit (4) equipped with 
a heater (5) and/or a cooler (6). 
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Description 

Technical Field 

[0001] The present invention relates to a process and 
an apparatus for growing a bulk monocrystalline alumi- 
num nitride by crystallizing from a supercritical solution 
on a crystallization seed. In particular, the invention per- 
tains to a process for growing a bulk monocrystalline 
aluminum nitride by way of a technique of making use 
of a supercritical ammonia. 

Background Art 

[0002] Optoelectronic devices based on nitrides are 
generally fabricated on sapphire or silicon carbide sub- 
strates which differfrom nitride layers deposited thereon 
(so-called heteroepitaxy). However, qualities of such 
devices that have epitaxially grown on heterogeneous 
substrates are not sufficiecnt. 

[0003] Therefore, there is a demand for a process for 
forming not only a bulk monocystalline GaN but also a 
bulk monocystalline AIN. Thefollowing are proposed as 
the process for forming bulk mono-crystalline GaN : Hal- 
ide Vapor Phase Epitaxy (HVPE) employing halides in 
vapor phases ["Optical patterning of GaN films", M.K. 
Kelly, O. Ambacher, Appl. Phys. Lett. 69 (1 2) (1 996) and 
"Fabrication of thin-film InGaN light-emitting diode 
membranes" W.S. Wrong, T. Sands, Appl. Phys. Lett. 
75 (10) (1999)]; the HNP process using high-pressure 
nitrogen ["Prospects for high-pressure crystal growth of 
lll-V nitrides", S. Porowski et al., Inst. Phys. Conf. Se- 
ries, 137, 369 (1998)]; the ammono method using su- 
percritical ammonia so as to lower the temperature and 
the pressure for a growing step ["ammono method of 
BN, AIN, and GaN synthesis and crystal growth" R. Dwi- 
linski et al., Proc. EGW-3, Warsaw, June 22-24, 1998, 
MRS Internet Journal of Nitride Semiconductor Re- 
search]; and ["Crystal Growth of gallium nitride in super- 
critical ammonia", J.W. Kolis et al., J. Cryst. Growth 222, 
431-434 (2001)]. 

[0004] On the other hand, as for bulk monocrystalline 
AIN, D. Peters has proposed a process for forming alu- 
minum nitride crystals from metallic aluminum by using 
a supercritical ammonia (Journal of Crystal Growth 1 04 
(1990), pp 411-418), however, the resultant crystals 
were very fine and only for use in packages. Recently, 
as an epitaxial growth method, Y. Shi et al. have suc- 
ceeded in growing monocrystalline AIN on a SiC sub- 
strate through an AIN buffer layer by the sublimation 
method (MIJ-NSR, Vol. 6, Art. 5). However, improve- 
ment on the quality of crystals is limited, since the vapor 
phase growth is based on non-equilibrium chemical re- 
action. In the meantime, the lives of optics using semi- 
conductors vary depending on mainly the crystallinity of 
the active layers, involving a dislocation density. In case 
of a laser diode employing an AIN substrate, it is pref- 
erable that the dislocation density thereof is decreased 



to 10 6 /cm 2 or lower, which is, however, very hard for the 
conventional processes to achieve. 

Disclosure of Invention 

[0005] An object of the present invention is, therefore, 
to provide a process and an apparatus for forming a bulk 
monocrystalline aluminum nitride on a crystallization 
seed. 

[0006] Another object of the present invention is to 
grow a bulk crystal of a nitride as a substrate for optical 
devices in order to improve the quality of the optical de- 
vices. 

[0007] These objects are achieved by a process of 
growing bulk monocrystalline aluminum nitride, which 
comprises the steps of dissolving a feedstock in a su- 
percritical solvent containing alkali metal ions in an auto- 
clave to form a supercritical solution, and crystallizing 
aluminum nitride on the face of a crystallization seed 
from the supercritical solution, at a temperature higher 
than the dissolution temperature or under a pressure 
lower than the dissolution pressure. 
[0008] The first condition for achieving the above ob- 
jects is to provide an ammono-basic growth of crystals 
where a chemical transport is carried out in a supercrit- 
ical ammonia solvent containing at least one mineralizer 
for imparting an ammono-basic property, thereby 
monocrystalline aluminum nitride being grown: that is, 
it relates to a process for forming a bulk monocrystalline 
aluminum nitride, comprising the steps of dissolving an 
aluminum-containing feedstock in a supercritical sol- 
vent containing ammonia and alkali metal ions in an 
autoclave, so as to form a supercritical solution contain- 
ing aluminum nitride whose solubility has a negative 
temperature coefficient; and selectively crystallizing alu- 
minum nitride only on the face of a crystallization seed 
arranged in the autoclave, from the above supercritical 
solution introduced, by taking advantage of the negative 
temperature coefficient of the solubility of aluminum ni- 
tride. 

[0009] Also, the present invention relates to a process 
for forming a bulk monocrystalline aluminum nitride, 
which comprises the steps of dissolving an aluminum- 
containing feedstock in a supercritical solvent contain- 
ing ammonia and alkali metal ions in an autoclave, so 
as to form a supercritical solution containing aluminum 
nitride whose solubility has a positive pressure coeffi- 
cient, and selectively crystallizing aluminum nitride only 
on the face of a crystallization seed arranged in the auto- 
clave, from the above supercritical solution introduced, 
by taking advantage of the positive pressure coefficient 
of the solubility of aluminum nitride. 
[0010] In the step of introducing the supercritical so- 
lution containing aluminum nitride in the first invention, 
aluminum nitride as a raw material does not exist in na- 
ture, differently from the hydrothermal synthesis of 
quartz crystal. The present invention, therefore, em- 
ploys AIN which is synthesized by the HVPE process or 
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other chemical process, or the oxidation-reduction proc- 
ess or the nitriding process for aluminum oxide. Partic- 
ularly, a sintered body of AIN powder is favorable feed- 
stock because such powder can provide very high pack- 
ing density. 

[0011] In the first invention, it is essential that the sec- 
ond step of crystallization should be carried out selec- 
tively on the face of the crystallization seed. Therefore, 
the second invention is a process for forming a bulk 
monocrystalline aluminum nitride, characterized in that 
the aluminum-containing feedstock is dissolved in the 
supercritical solvent containing ammonia and alkali met- 
al ions, so as to form the supercritical solution of alumi- 
num nitride whose solubility has a negative temperature 
coefficient; thatthe solubility of the supercritical solution 
is adjusted below a certain concentration which does not 
allow spontaneous crystallization, while maintaining 
oversatu ration of the supercritical solution relative to a 
crystallization seed, by raising the temperature to a pre- 
determined temperature or reducing the pressure to a 
predetermined pressure, at least in a zone where the 
crystallization seed is arranged; and that aluminum ni- 
tride is crystallized and selectively grown only on the 
face of the crystallization seed arranged in the auto- 
clave. 

[0012] In the second invention, it is preferable that, in 
the case where two zones, i.e., the dissolution zone and 
the crystallization zone are simultaneously formed in the 
autoclave, the oversatu ration of the supercritical solu- 
tion relative to the crystallization seed is maintained by 
controlling the dissolution temperature and the crystal- 
lization temperature. The control is found to be easy by 
setting the temperature of the crystallization zone at a 
temperature of 400 to 600°C, and by maintaining the 
difference in temperature between the dissolution zone 
and the crystallization zone within the autoclave, to 
1 50°C or less, preferably 1 00°C or less. Preferably, the 
adjustment of the oversaturation of the supercritical so- 
lution relative to the crystallization seed is made by pro- 
viding one or more baffles for dividing the internal of the 
autoclave into a lower temperature dissolution zone and 
a highertemperaturecrystallization zoneand controlling 
the convection between the dissolution zone and the 
crystallization zone. Further, in the case where two 
zones, i.e., a dissolution zone and a crystallization zone, 
between which a specified temperature difference is set, 
are formed in the autoclave, the oversaturation of the 
supercritical solution relative to the crystallization seed 
is preferably adjusted by using an aluminum-containing 
feedstock composed of an AIN crystal having a total sur- 
face area larger than the total surface area of the crys- 
tallization seed. 

[0013] In the first invention, the above alkali metal 
ions are added in the form of an alkali metal or a miner- 
alizer containing no halogen, and the alkali metal ions 
are of at least one selected from the group consisting of 
Li+ Na + and K + . The aluminum-containing feedstock to 
be dissolved in the supercritical solvent is preferably alu- 



minum nitride, or otherwise, it may be an aluminum pre- 
cursor which can produce an aluminum compound sol- 
uble in the supercritical solution. 
[001 4] The process of the present invention is based 
5 on an ammonobasic reaction. The aluminum-containing 
feedstock may be either AIN formed by HVPE or AIN 
formed by a chemical reaction, which originally con- 
tains, for example, chlorine, in so far as the ammonoba- 
sic supercritical reaction is not hindered. 
10 [0015] In the case where the second invention is em- 
ployed, aluminum nitride or its precursor which can be 
dissolved in the supercritical ammonia solvent through 
an equilibrium reaction is used as the feedstock. Alumi- 
num nitride or its precursor may be used in combination 
15 with metallic aluminum which irreversibly reacts with the 
supercritical ammonia solvent, although the addition of 
an excessive amount of such metallic aluminum should 
be avoided so as not to hinder the equilibrium reaction 
for crystallization. 
20 [0016] Since the use of aluminum nitride as the feed- 
stock allows an equilibrium reaction, the control of the 
reaction for crystallization is easy. In this case, AIN 
monocrystal is used as the crystallization seed, and it is 
preferable to use a high quality crystallization seed so 
25 as to allow the selective growth. 

[0017] The present invention provides a third process 
for concurrently and separately carrying out the above 
first dissolution step and the above second crystalliza- 
tion step in an autoclave. That is, the third invention re- 
30 lates to a process for forming a bulk monocrystalline alu- 
minum nitride, which comprises the steps of forming a 
supercritical ammonia solvent containing alkali metal 
ions in the autoclave, dissolving an aluminum-contain- 
ing feedstock in the supercritical ammonia solvent, and 
35 crystallizing aluminum nitride on the face of a crystalli- 
zation seed, from the supercritical solution of the feed- 
stock, underthe conditions of a higher temperature and/ 
or a lower pressure than the temperature and/or the 
pressure found while the aluminum-containing feed- 
40 stock is dissolved in the supercritical solvent. 

[0018] In the third invention, it is preferable that, sep- 
arately from the step of dissolving the aluminum-con- 
taining feedstock, a step of moving the supercritical so- 
lution to a higher temperature and/or a lower pressure 
45 zone is provided. At least two zones between which a 
temperature difference arises are simultaneously 
formed in the autoclave, and the aluminum-containing 
feedstock is located in the lowertemperature dissolution 
zone, and the crystallization seed is located in the higher 
50 temperature crystallization zone. It is necessary thatthe 
difference in temperature between the dissolution zone 
and the crystallization zone should be set within such a 
range that a chemical transport in the supercritical so- 
lution can be ensured and can be carried out mainly by 
55 convection. The difference in temperature therebe- 
tween is generally 1°C or more, preferably 5 to 150°C, 
more preferably 100° or less. 

[0019] In the present invention, aluminum nitride may 
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contain a donor, an acceptor, or a magnetic dopant, as 
required. As will be defined later, the supercritical sol- 
vent contains NH 3 or a derivative thereof. The mineral- 
izer contains alkali metal ions, at least, ions of sodium 
or potassium. On the other hand, the aluminum-contain- 
ing feedstock is mainly composed of aluminum nitride 
or a precursor thereof. The precursor is selected from 
an azide, imide. amidoimide, amide, hydride or the like, 
each of which contains aluminum, and it will be defined 
later. 

[0020] In the present invention, it is preferable to use 
AIN as a crystallization seed, the crystallization seed 
may have a hexagonal system or rhombohedral struc- 
ture and has a close lattice constant, and contains no 
oxygen. It is preferable to use such as a monocrystal of 
SiC. GaN or the like. It is preferable to use a crystalliza- 
tion seed having a surface dislocation density of 10 6 / 
cm 2 or less. As other type crystallization seed, it is pos- 
sible to use a heterogeneous substrate such as a con- 
ductive substrate on which AIN can be crystallized and 
wide applications can be realized. Such other crystalli- 
zation seed is selected from a body-centered cubic crys- 
tal system Mo or W having a lattice constant of 2.8 to 
3.6 on the a 0 axis, a hexagonal closest packing crystal 
system a-Hf or a-Zr, a tetragonal system diamond, a WC 
structure crystal system WC or W 2 C. a ZnO structure 
crystal system a-SiC, TaN, NbN or AIN, a hexagonal 
(P6/mmm) system AgB 2 , AuB 2 or HFB 2 , and a hexago- 
nal (P6 3 /mmc) system y-MoC ore-MbN. The body-cen- 
tered cubic crystal system Mo or W is cut from the di- 
rection [1 , 1 , 1] for use as a crystallization seed. 
[0021] In the present invention, the crystallization of 
aluminum nitride is carried out at a temperature of 1 00 
to 800°C, preferably 400 to 600°C. Also, the crystalliza- 
tion of aluminum nitride is carried out under a pressure 
of 100 to 10,000 bars, preferably 1 ,000 to 5,500 bars, 
more preferably 1 ,500 to 3,000 bars. 
[0022] The concentration of alkali metal ions in the su- 
percritical solvent is so adjusted as to ensure the spec- 
ified solubilities of the feedstock and aluminum nitride, 
and the molar ratio of the alkali metal ions to other com- 
ponents of the resultant supercritical solution is control- 
led within a range from 1 : 200 to 1 : 2, preferably from 
1 : 1 00 to 1 : 5, more preferably from 1 : 20 to 1 : 8. 
[0023] In this regard, the present invention relates to 
a technique of an ammono-basic growth of a crystal 
which comprises the steps of causing a chemical trans- 
port in a supercritical ammonia solvent containing at 
least one mineralizer for imparting an ammono-basic 
property, thereby growing a monocrystalline aluminum 
nitride. This technique has a very high originality, and 
therefore, the terms herein used should be understood 
as having the meanings defined as below in the present 
specification. 

[0024] The term "aluminum nitride" refers to alumi- 
num nitride which may contain impurities to an extent 
that the above technique of the ammono-basic growth 
of crystal is not hindered. 



[0025] The term "bulk monocrystalline aluminum ni- 
tride" refers to a monocrystalline aluminum nitride sub- 
strate on which an optoelectronic device such as LED 
or LD can be formed by an epitaxial growing process 

5 such as MOCVD, HVPE or the like. In the case where 
such a device is fabricated on a sapphire substrate, the 
existence of a buffer layer is essential. However, the use 
of an AIN substrate makes it possible to grow a high 
quality vapor phase film without a buffer layer. The AIN 

10 substrate obtained by the process of the present inven- 
tion has the full width at half maximum of 2 minutes (1 20 
arcsecs.) or less, preferably one minute or less. As com- 
pared with AIN which is grown on a sapphire substrate 
and which has the full width at half maximum of 4 min- 

15 utes, the quality of the AIN substrate of the present in- 
vention is highly improved. 

[0026] In addition , the AIN substrate absorbs light with 
a wavelength of 200 nm or longer. In contrast, a GaN 
substrate absorbs light with a wavelength of 356 nm 

20 within the short wavelength zone. Accordingly, it is ex- 
pected to use the AIN substrate as a substrate for 
UV-LED in order to enhance light output. Further, the 
AIN substrate has a higher heat dissipation property and 
thus is suitable for use in a power device. Furthermore, 

25 the use of the AIN substrate makes it possible to grow 
a highly mixed crystal of AIGaN. and if used in a laser 
device, the confinement in the vertical direction is im- 
proved. 

[0027] The term "a precursor of aluminum nitride" re- 

30 fers to a substance which contains at least aluminum, 
and if needed, an alkali metal, an element of the Group 
XIII, nitrogen and /or hydrogen, or a mixture thereof, and 
examples of such a precursor includes metallic Al, an 
alloy or an intermetallic compound of Al, and a hydride, 

35 amide, imide, amidoimide or azide of Al, which is used 
as a substitutive feedstock for aluminum nitride, and 
which can form an aluminum compound soluble in a su- 
percritical ammonia solvent as defined below. 
[0028] The term "aluminum-containing feedstock" re- 

40 fers to aluminum nitride or a precursor thereof. 

[0029] The term "supercritical ammonia solvent" re- 
fers to a supercritical solvent which contains at least am- 
monia, and ions of at least one alkali metal for dissolving 
aluminum nitride. 

45 [0030] The term "mineralizer" refers to a supplier for 
supplying ions of at least one alkali metal for dissolving 
aluminum nitride in the supercritical ammonia solvent, 
and specific examples thereof are described in the 
present specification. 

50 [0031] The phrase "the dissolution of the aluminum- 
containing feedstock" refers to a reversible or irreversi- 
ble process in which the above feedstock takes the form 
of an aluminum compound soluble in the supercritical 
solvent such as an aluminum complex compound. The 

55 aluminum complex compound means a complex com- 
pound in which an aluminum as a coordination center is 
surrounded by ligands, e.g., NH 3 or derivatives thereof 
such as NH 2 - and NH 2_ . 
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[0032] The term "supercritical ammonia solution" re- 
fers to a soluble aluminum compound which is formed 
by the dissolution of the aluminum-containing feedstock 
in the supercritical ammonia solvent. Based on our ex- 
periences, we can anticipate that there will be an equi- 
librium relationship between solid aluminum nitride and 
the supercritical solution under a sufficiently high tem- 
perature and pressure atmosphere. Accordingly, the 
solubility of the soluble aluminum nitride can be defined 
as an equilibrium concentration of the above soluble alu- 
minum compound in the presence of solid aluminum ni- 
tride. In such a process, it is possible to shift this equi- 
librium according to change in temperature and/or pres- 
sure. 

[0033] The phrase "negative temperature coefficient 
of the solubility" means that the solubility is expressed 
by a monotonically decreasing function of the tempera- 
ture, when all other parameters are kept constant. Sim- 
ilarly, the phrase "positive pressure coefficient of thesol- 
ubility" means that the solubility is expressed by a mo- 
notonically increasing function of the pressure, when all 
other parameters are kept constant. In this regard, we 
are now supposing that the solubility of aluminum nitride 
in the supercritical ammonia solvent, at least, has a neg- 
ative temperature coefficient and a positive pressure co- 
efficient within a range of 400 to 600°C and within a 
range of 1 to 5.5 Kbars, respectively. 
[0034] The phrase "the oversaturation of the super- 
critical ammonia solution relative to aluminum nitride" 
means that the concentration of the soluble aluminum 
compound in the above supercritical ammonia solution 
is higher than a concentration in an equilibrium state, i. 
e., the solubility of aluminum nitride. In case of the dis- 
solution of aluminum nitride in a closed system, such 
oversaturation can be achieved, according to a negative 
temperature coefficient or a positive pressure coefficient 
of the solubility, by raising the temperature or reducing 
the pressure. 

[0035] The phrase "the chemical transport of alumi- 
num nitride in the supercritical ammonia solution" 
means a sequential process including the dissolution of 
the aluminum-containing feedstock or aluminum nitride, 
the shift of the soluble aluminum compound or complex 
compound through the supercritical ammonia solution, 
and the crystallization of aluminum nitride from the over- 
saturated supercritical ammonia solution. In general, a 
chemical transport process is carried out by a certain 
driving force such as a temperature gradient, a pressure 
gradient, a concentration gradient, difference in chemi- 
cal or physical properties between a dissolved feed- 
stock and a crystallized product, or the like. Preferably, 
the chemical transport in the process of the present in- 
vention is achieved by carrying out the dissolution step 
and the crystallization step in separate zones, on con- 
dition that the temperature of the crystallization zone is 
maintained higher than that of the dissolution zone so 
that a bulk monocrystalline aluminum nitride can be ob- 
tained by the process of this invention. 



[0036] The term "crystallization seed " has been de- 
scribed byway of examples in the present specification. 
The crystallization seed provides a zone on which the 
crystallization of aluminum nitride is allowed to take 

5 place, and the growth quality of the crystal depends on 
the crystallization seed. Thus, the type of crystallization 
seed is selected from such crystals that are analogous 
to a crystal to be grown and have good qualities. 
[0037] The term "spontaneous crystallization" refers 

10 to an undesirable phenomenon in which the formation 
and the growth of the core of aluminum nitride from the 
oversaturated supercritical ammonia solution occur at 
any site inside the autoclave, and the spontaneous crys- 
tallization also includes disoriented growth of the crystal 

15 on the surface of the crystallization seed. If other param- 
eters are kept constant, such a tendency is observed 
that, with a rise in temperature, the limit in spontaneous 
crystallization lowers together with the limit in dissolu- 
tion, as shown in Fig. 9. 

20 [0038] The term "selective crystallization on the crys- 
tallization seed" means a step of allowing the crystalli- 
zation to take place on the crystallization seed, accom- 
panied by substantially no spontaneous growth . Th is se- 
lective crystallization on the crystallization seed is es- 

25 sential for the growth of a bulkmonocrystal, and it is one 
of the methods of the present invention. 
[0039] The autoclave to be used in the present inven- 
tion is a closed system reaction chamber for carrying 
out the ammono-basic growth of the crystal, and it may 

30 be in any form. AIN pellets to be used in the present 
invention are prepared by molding the powder of AIN 
into pellets and baking them. Pellets of this type having 
a very high density of, for example, 99.8% are commer- 
cially available. 

35 [0040] In this regard, the temperature distribution in 
the autoclave as will be described later in the part of 
Examples is determined by using the autoclave empty 
inside without the supercritical ammonia, and thus, the 
supercritical temperature is not one actually measured. 

40 On the other hand, the pressure in the autoclave is di- 
rectly measured, or it is determined by the calculation 
from the amount of ammonia firstly introduced, and the 
temperature and the volume of the autoclave. 
[0041] It is preferable to use an apparatus as de- 

45 scribed below, to carry out the above process. The 
present invention provides an apparatus for forming a 
bulk monocrystalline aluminum nitride which comprises 
an autoclave (1 ) for producing a supercritical solvent, a 
convection-controller (2) arranged in the autoclave, and 

50 a furnace unit (4) equipped with a heater (5) or a cooler 
(6), in which the autoclave is set. 
[0042] The furnace unit (4) includes a higher temper- 
ature zone equipped with a heater (5) which corre- 
sponds to a crystallization zone (1 4) in the autoclave (1 ), 

55 and a lower temperature zone equipped with a heater 
(5) or a cooler (6) which corresponds to a dissolution 
zone (1 3) in the autoclave (1 ); or otherwise, the furnace 
unit (4) includes a higher temperature zone equipped 
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with a heater (5) or a cooler (6) which corresponds to a 
crystallization zone (14) in the autoclave (1 ), and a lower 
temperature zone equipped with a heater (5) or a cooler 
(6) which corresponds to a dissolution zone (13) in the 
autoclave (1 ). The convection controller (2) is composed 
of at least one horizontal baffle (1 2) which has a hole at 
the center or at its periphery and which partitions the 
crystallization zone (14) from the dissolution zone (13). 
Inside the autoclave (1), a feedstock (16) is set in the 
dissolution zone (13), and a crystallization seed (17) is 
set in the crystallization zone (14), and the convection 
of a supercritical solution between the zones (13) and 
(14) is controlled by the controller (2). It is to be noted 
that the dissolution zone (13) is located above the hor- 
izontal baffle (12), and the crystallization zone (13), be- 
low the baffle (12). 

Brief Description of Drawings 

[0043] 

Fig. 1 shows a graph illustrating a change in tem- 
perature in an autoclave with the passage of time, 
on condition that the pressure is kept constant, in 
case of Example (1). 

Fig. 2 shows a graph illustrating a change in pres- 
sure in an autoclave with the passage of time, on 
condition that the temperature is kept constant, in 
case of Example (2). 

Fig. 3 shows a graph illustrating a change in tem- 
perature in an autoclave with the passage of time, 
on condition that the volume is kept constant in 
case of Example (3). 

Fig. 4 shows a graph illustrating a change in tem- 
perature in an autoclave with the passage of time, 
in case of Example (4). 

Fig. 5 shows a graph illustrating a change in tem- 
perature in an autoclave with the passage of time, 
in case of Example (5). 

Fig. 6 is a schematic sectional view of an autoclave 
and a furnace unit used in Examples. 
Fig. 7 is a schematic perspective view of an appa- 
ratus for forming a bulk monocrystalline aluminum 
nitride. 

Fig. 8 shows a graph illustrating a change in tem- 
perature in an autoclave with the passage of time, 
in case of Example (6). 

Fig. 9 shows a graph illustratingthetemperature de- 
pendency of the dissolution limit and the spontane- 
ous crystallization limit in the supercritical ammo- 
nia. 

Best Mode for Carrying out the Invention 

[0044] The process of the present invention is divided 
into two steps, that is, a step of dissolving a feedstock, 
and a step of moving a supercritical solution to a higher 
temperature zone or a lower pressure zone where the 



crystallization and growth of aluminum nitride on the 
face of a crystallization seed is carried out. Otherwise, 
it is also possible to divide the autoclave into at least two 
zones which differ in temperature from each other, and 
5 to set an aluminum-containing feedstock in a lowertem- 
perature dissolution zone, and a crystallization seed, in 
a higher temperature crystallization zone. The differ- 
ence in temperature between the dissolution zone and 
the crystallization zone is selected within such a range 
10 that a chemical transport in the supercritical solution can 
be caused by convection. In this case, the difference in 
temperature between the dissolution zone and the crys- 
tallization zone is 1°C or more. Aluminum nitride may 
contain a donor, an acceptor, a magnetic dopant, etc. 
15 As a supercritical solvent, ammonia (NH 3 ) or its deriva- 
tive containing ions of alkali metals (at least potassium) 
may be used. As a feedstock, aluminum nitride or a pre- 
cursor of AIN selected from an azide, an imide, an ami- 
doimide, an amide and a hydride thereof may be used. 
20 The crystallization seed has a crystalline layer of a ni- 
tride which contains, at least, aluminum or other element 
of Group No. 13 (IUPAC, 1989) and preferably has a 
surface dislocation density of 10 6 /cm 2 or less. 
[0045] The crystallization of aluminum nitride is car- 
25 ried out under the conditions where the temperature is 
from 400 to 600°C, and the pressure, from 1, 500 to 
3,000 bars, while the concentration of alkali metal ions 
in the supercritical solvent is so controlled that appro- 
priate solubility of the feedstock and aluminum nitride 
30 can be ensured, and the molar ratio of the alkali metal 
ions to other components in the supercritical solvent is 
controlled within a range of from 1 : 200 to 1 : 2. 
[0046] The apparatus for forming a monocrystalline 
aluminum nitride comprises an autoclave equipped with 
35 a convention controller, which is to produce a supercrit- 
ical solvent; and at least one furnace unit equipped with 
a heater and/or a cooler, in which the autoclave is set. 
The furnace unit includes a higher temperature zone 
equipped with a heater which corresponds to the crys- 
40 tallization zone in the autoclave, and a lower tempera- 
ture zone equipped with a heater and/or a cooler which 
corresponds to the dissolution zone in the autoclave. It 
is also possible to use a furnace unit which includes a 
higher temperature zone equipped with a heater and/or 
45 a cooler, and a lower temperature zone equipped with 
a heater and/or a cooler. The convection controller is 
composed of at least one horizontal baffle having a hole 
at the center or its periphery so as to partition the crys- 
tallization zone from the dissolution zone. Thus, the 
50 feedstock is set in the dissolution zone, and the crystal- 
lization seed, in the crystallization zone, in the auto- 
clave. The convection of the supercritical solution be- 
tween the dissolution zone and the crystallization zone 
is controlled by the above controller. The dissolution 
55 zone is located above the horizontal baffle, and the crys- 
tallization zone, below the horizontal baffle. 
[0047] An obtainable best bulk monocrystalline AIN 
has a surface dislocation density of about 1 0 4 /cm 2 , and 
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the full width at half maximum of the X-ray from the sur- 
face (0002) of 60 arcsec. or less. A semiconductor de- 
vice using such a bulk monocrystalline AIN can ensure 
a proper quality and a proper lifetime. 
[0048] AIN shows a good solubility in ammonia (NH 3 ) 
containing an alkali metal or a compound thereof (KNH 2 
orthe like). When the solubility of AIN in the supercritical 
solvent is expressed by a function of temperature of 400 
to 600°C and a pressure of 1 .0to 3.5 kbars, the solubility 
is a monotonically increasing function of the pressure (a 
positive pressure coefficient), and also a monotonically 
decreasing function of the temperature (a negative tem- 
perature coefficient) in the supercritical ammonia solu- 
tion which contains alkali metal ions at a predetermined 
molar concentration. By making use of this relationship, 
aluminum nitride is dissolved under a condition where 
the solubility becomes higher, and aluminum nitride is 
crystallized under a condition where the solubility be- 
comes lower, so that a bulk monocrystalline AIN can 
grow. This negative temperature coefficient indicates 
that, if a difference in temperature arises, the chemical 
transport of aluminum nitride is carried out from the low- 
er temperature dissolution zone to the higher tempera- 
ture crystallization zone. In this regard, other aluminum 
compounds also can be used as a supply source of AIN 
complex. Next, an oversaturated solution relative to alu- 
minum nitride is formed by appropriately changing the 
conditions, for example, by heating, so that a crystal is 
grown on the face of a crystallization seed. The process 
of the present invention makes it possible to grow a bulk 
monocrystalline aluminum nitride on the face of a crys- 
tallization seed, which leads to stoichiometric growth of 
AIN obtained as a bulk monocrystalline layer on a crys- 
tallization seed of AIN, SiC or the like. The above 
monocrystal is grown in the supercritical solution con- 
taining alkali metal ions, and therefore, the resultant 
monocrystal also contains 0.1 ppm or more of alkali met- 
al. In addition, to maintain the basic property of the su- 
percritical solution in order to prevent the corrosion of 
the apparatus, no halide may be intentionally added to 
the solvent. Further, the bulk monocrystalline AIN may 
be doped with a donor (e.g., Si, O, etc.), an acceptor (e. 
g., Mg, Zn, etc.) and a magnetic substance (e.g., Mn, 
Cr, etc.) at a concentration of 1 0 17 to 1 0 21 /cm 3 . The op- 
tical, electrical and magnetic characteristics of alumi- 
num nitride can be changed by this doping. As other 
physical properties, the grown bulk monocrystalline AIN 
has a surface dislocation density of 10 6 /cm 2 or less, 
preferably 10 5 /cm 2 or less, more preferably 1 0 4 /cm 2 or 
less, and also has the full width at half maximum of the 
X-ray from the surface (0002) of 600 arcsec. or less., 
preferably 300 arcsec. or less, more preferably 60 arc- 
sec. or less. It is possible to grow a bulk monocrystalline 
AIN as the best which has a surface dislocation density 
of about 1 0 4 /cm 2 or less, and the full width at half max- 
imum of the X-ray from the surface (0002) of 60 arcsec. 
or less. 



Examples 

[0049] Two crucibles are set in a high-pressure auto- 
clave having a volume of 10.9 cm 3 . The autoclave is 

5 constructed according to a known design [H. Jacobs, D. 
Schmidt, Current Topics in Material Science, vol. 8, ed. 
E. Kaldis (North-Holland, Amsterdam, 1981), 381]. 
[0050] An AIN thin plate produced by HVPE or a sin- 
tered body of AIN powder (available from Tokuyama So- 

10 da) is used as a feedstock. 

[0051] AIN, GaN or SiC produced by HVPE is used 
as a crystallization seed. 

[0052] The formation of a supercritical ammonia so- 
lution and the crystallization therefrom are carried out 
15 by the following methods, in which temperatures T 2 to 
T 5 are set at a temperature of 400 to 600° C, except for 
temperature 



(1) Metallic potassium having a purity of 4N (0.72 
20 g) is added to the autoclave, and then, ammonia 

(4.81 g) is added thereto. The autoclave is closed 
to form a supercritical ammonia solution by control- 
ling the temperature (Fig. 1). The autoclave is heat- 
ed to T 2 so that the pressure in the autoclave is in- 
25 creased to 2 kbars. Several days after, the temper- 
ature of the autoclave is heated to T 4 whilethe pres- 
sure is kept at 2 kbars, and the autoclave in this 
state is left to stand alone for several days for crys- 
tallization (Fig. 1). 

30 

(2) Metallic potassium having a purity of 4N (0.82 
g) is added to the autoclave, and then, ammonia 
(5.43 g) is added thereto. The autoclave is closed, 
and set in the furnace. A supercritical ammonia so- 

35 lution is formed by heating the autoclave to 500°C : 
while increasing the internal pressure therein to 
3.5kbars. Several days after, the pressure is re- 
duced to 2 kbars while the temperature is kept at 
500°C. The autoclave in this state is left to stand 

40 alone for several days for crystallization (Fig. 2). 

(3) Metallic potassium having a purity of 4N (0.6 g) 
is added to the autoclave, and then, ammonia (4 g) 
is added thereto. The autoclave is closed, and set 

45 in the furnace. A supercritical ammonia solution is 
formed by heating the autoclave to T^ Two days 
after, the temperature is raised to 500°C while the 
pressure is set at 2 kbars. The autoclave in this state 
is left to stand alone for 4 days for crystallization 

50 (Fig. 3). 

(4) AIN obtained by HVPE is divided into two same 
portions, which are then set in a dissolution zone 
(13) and a crystallization zone (14) in a high-pres- 

55 sure autoclave (1 ) having a volume of 35.6 cm 3 , re- 
spectively (Fig. 6). Then, metallic potassium having 
a purity of 4N (2.4 g) is added to the autoclave, fol- 
lowed by the addition of ammonia (5N) (1 5.9 g). The 
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autoclave (1) is closed and set in the furnace units 

(4) . The autoclave (1) is heated to T 3 while the in- 
ternal pressure is increased to about 2 kbars. One 
day after, the temperature of the crystallization zone 
(14) is raised to T 4i while the temperature of the dis- 
solution zone (13) is lowered to T 2 . The autoclave 
(1 ) in this state is left to stand alone for 6 days (Fig. 
4). 

(5) A feedstock of AIN obtained by HVPE is set in a 
dissolution zone (13) in a high-pressure autoclave 
(1 ) having a volume of 36 cm 3 (Fig. 6). Metallic po- 
tassium having a purity of 4N (0.47 g) is added to 
the autoclave. A crystallization seed of AIN obtained 
by the same HVPE is set in a crystallization zone 
(14). Then, ammonia (5N) (16.5 g) is added to the 
autoclave (1). The autoclave (1) is closed and set 
in the furnace unit (4) and heated to T 4 . The pres- 
sure in the autoclave (1) is about 3 kbars. One day 
after, the temperature of the dissolution zone (13) 
is lowered to T 3 , while the temperature of the crys- 
tallization zone (14) is raised to T 5 . The autoclave 
in this state is left to stand alone for 8 days (Fig. 5). 

(6) A feedstock of an AIN plate obtained by HVPE 
is set in a dissolution zone (13) in a high-pressure 
autoclave (1) having a volume of 35.6 cm 3 . A crys- 
tallization seed of a GaN crystal obtained by HVPE 
is set in a crystallization zone (14). Metallic lithium 
having a purity of 3N (0.41 g) is further added to the 
autoclave. Then, ammonia (5N) (14.4 g) is added 
thereto. The autoclave (1) is closed and set in the 
furnace unit (4). The temperature of the crystalliza- 
tion zone is raised to T 5 , and the temperature of the 
dissolution zone is raised to T 3 . The resultant pres- 
sure in the autoclave (1) is about 2.6 kbars. The 
autoclave in th is state is left to stand alone for 8 days 
(Fig. 8). 

[0053] The process according to the present invention 
is carried out by using the apparatus which forms a bulk 
monocrystalline aluminum nitride in a supercritical sol- 
vent. This apparatus essentially comprises the auto- 
clave (1 ) for producing the supercritical solvent, and the 
controller (2) which makes it possible to cause a chem- 
ical transport in the supercritical solution in the auto- 
clave (1). This autoclave (1) is set in the chambers (3) 
of two furnace units (4) equipped with the heaters (5) or 
the coolers (6). The autoclave (1) was fixed with a bolt 
locking device (7) and held at a predetermined position 
relative to the furnace units (4). The furnace units (4) 
are placed on a hearth (8) and are wound together with 
the hearth (8) with a steel tape (9) so as to be held im- 
movable. The furnace units (4) with the hearth (8) are 
set on a turn table (10) and fixed thereto at a specified 
angle with a pin locking device (11) so that the type of 
convection and the convection speed in the autoclave 
(1 ) can be controlled. The convection of the supercritical 



solution in the autoclave (1) set in the furnace units (4) 
is controlled by the convection controller (2) which is 
composed of at least one horizontal baffle (12) having 
a hole at the center or at its periphery and which parti- 

5 tions the crystallization zone (14) from the dissolution 
zone (13). The temperatures of both zones in the auto- 
clave (1 ) are set at 1 00 to 800°C, respectively, by a con- 
trol unit (1 5) connected to the furnace units (4). The dis- 
solution zone (13) in the autoclave (1) which corre- 

10 sponds to a lower temperature zone of one furnace unit 
(4) is located above the horizontal baffle (12), and in- 
cludes the feedstock (1 6) set therein . The crystallization 
zone (14) in the autoclave which corresponds to a higher 
temperature zone of the other furnace unit (4) is located 

15 below the horizontal baffle (1 2). The crystallization seed 
(1 7) is set in this zone (14), and specifically is located 
below an intersecting point of the upstream and the 
downstream in the convection. 



[0054] The bulk monocrystalline aluminum nitride 
thus obtained has a high crystalinity, and therefore can 
be applied to a substrate for optics such as laser diode, 
etc. which employ nitride semiconductors. For example, 
an epitaxial structure of an AIN substrate/undoped Al- 
GaN/Si-AIGaN/undoped AIGaN/Mg-GaN is fabricated, 
and light is taken up from the AIN substrate. If the ratio 
of Al in the mixed crystal of AIGaN is larger the sensi- 
tivity to light with a short wavelength is improved. If a 
mixed crystal of Al 0 5 Ga 0 5 N is used, such a semicon- 
ductor can have further improved sensitivity up to light 
with a short wavelength of 280 nm which is far shorter 
than about 360 nm. The formation of such a highly mixed 
crystal becomes possible by using a substrate of AIN, 
but it is difficult if a GaN substrate is used. 



Claims 

40 

1 . A process for preparing a bulk monocrystalline alu- 
minum nitride, comprising the steps of forming a su- 
percritical ammonia solvent containing ions of an al- 
kali metal in an autoclave; dissolving an aluminum- 

45 containing feedstock in the supercritical ammonia 
solvent to form a supercritical solution in which the 
feedstock is dissolved; and crystallizing aluminum 
nitride on the face of a crystallization seed from the 
supercritical solution, under a condition of a higher 
50 temperature and/or a lower pressure than the tem- 
perature and/or the pressure found when the feed- 
stock is dissolved in the supercritical solvent. 

2. The process according to claim 1 , wherein a step 
55 of moving the supercritical solution to a highertem- 

perature and/or lower pressure zone is added, sep- 
arately from the step of dissolving the feedstock. 



20 Industrial Applicability 
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3. The process according to claim 1 , wherein at least 
two zones having a difference in temperature ther- 
ebetween are concurrently formed in the autoclave, 
and wherein the aluminum-containing feedstock is 
set in the lower temperature dissolution zone, and 
the crystallization seed, in the higher temperature 
crystallization zone. 

4. The process according to claim 3, wherein the dif- 
ference in temperature between the dissolution 
zone and the crystallization zone is set within such 
a range that a chemical transport in the supercritical 
solution can be ensured. 

5. The process according to claim 4, wherein the 
chemical transport in the supercritical solution is 
caused mainly by convection in the autoclave. 

6. The process according to claim 4, wherein the dif- 
ference in temperature between the dissolution 
zone and the crystallization zone is 1°C or more. 

7. The process according to claim 1 , wherein the alu- 
minum nitride may contain a donor, an acceptor or 
a magnetic dopant. 

8. The process according to claim 1 , wherein the su- 
percritical solvent contains NH 3 or its derivative. 

9. The process according to claim 1 , wherein the su- 
percritical solvent contains at least ions of sodium 
or potassium. 

10. The process according to claim 1 , wherein the alu- 
minum-containing feedstock is mainly composed of 
aluminum nitride or its precursor. 

1 1 . The process according to claim 1 0, wherein the pre- 
cursor is selected from the group consisting of an 
azide, imide, amidoimide, amide and hydride, each 
of which contains aluminum. 

12. The process according to claim 1 , wherein the crys- 
tallization seed has a cryatalline layer of a nitride 
containing at least aluminum or other element of 
Group III. 

13. The process according to claim 1 , wherein the cry- 
atalline layer of aluminum nitride in the crystalliza- 
tion seed has a surface dislocation density of 10 6 / 
cm 2 or less. 

14. The process according to claim 1 , wherein the crys- 
tallization of aluminum nitride is carried out atatem- 
perature of from 400 to 600°C. 

15. The process according to claim 1 , wherein the crys- 
tallization of aluminum nitride is carried under a 



pressure of from 1,000 to 5,500 bars, preferably 
from 1,500 to 3,000 bars. 

16. The process according to claim 1 , wherein the con- 
5 centration of the ions of the alkali metal in the su- 
percritical solvent is adjusted so that the specified 
solubilities of the feedstock and aluminum nitride 
can be ensured. 

10 17. The process according to claim 1 , wherein the mo- 
lar ratio of the ions of the alkali metal to other com- 
ponents in the supercritical solvent is controlled 
within a range of from 1 : 200 to 1 : 2, preferably 
from 1 : 100 to 1 : 5, more preferably from 1 : 20 to 

15 1:8. 

18. An apparatus for preparing a bulk monocrystalline 
aluminum nitride, comprising an autoclave (1) for 
producing a supercritical solvent, a convection-con- 

20 troller (2) arranged in the autoclave, and a furnace 
unit (4) equipped with a heater (5) and/or a cooler 
(6), in which the autoclave is set. 

19. The apparatus according to claim 18, wherein the 
25 furnace unit (4) has a higher temperature zone 

equipped with a heater (5) which corresponds to the 
crystallization zone (14) in the autoclave (1), and a 
lower temperature zone equipped with a heater (5) 
and/or a cooler (6) which corresponds to the disso- 
30 lution zone (1 3) in the autoclave (1 ). 

20. The apparatus according to claim 18, wherein the 
furnace unit (4) has a higher temperature zone 
equipped with a heater (5) and/or a cooler (6) which 

35 corresponds to the crystallization zone (14) in the 
autoclave (1), and a lower temperature zone 
equipped with a heater (5) and/or a cooler (6) which 
corresponds to the dissolution zone (1 3) in the auto- 
clave (1). 

40 

21. The apparatus according to claim 18, wherein the 
convection-controller (2) is composed of one or 
more horizontal baffles (1 2) which partition the crys- 
tallization zone (14) from the dissolution zone (13), 

45 and each of which has a hole at the center or the 
periphery thereof. 

22. The apparatus according to claim 18, wherein the 
feedstock (16) is set in the dissolution zone (13), 

50 and the crystallization seed (17), in the crystalliza- 
tion zone (14) in the autoclave (1), and wherein the 
convection of the supercritical solution between the 
zones (13) and (14) is controlled by the convection 
controller (2). 

55 

23. The apparatus according to claim 21, wherein the 
dissolution zone (13) is located above the horizontal 
baffle (12), and the crystallization zone (14), below 
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the horizontal baffle (12). 

24. A process for preparing a bulk monocrystalline alu- 
minum nitride, comprising the steps of dissolving an 
aluminum-containing feedstock in a supercritical 
solvent containing ammonia and ions of an alkali 
metal in an autoclave, to form a supercritical solu- 
tion of aluminum nitride whose solubility has a neg- 
ative temperature coefficient; and selectively grow- 
ing a crystal of aluminum nitride only on the face of 
a crystallization seed arranged in the autoclave, 
from the supercritical solution introduced, by taking 
advantage of the negative temperature coefficient 
of the solubility of aluminum nitride. 

25. A process for preparing a bulk monocrystalline alu- 
minum nitride, comprising the steps of dissolving an 
aluminum-containing feedstock in a supercritical 
solvent containing ammonia and ions of an alkali 
metal in an autoclave, to form a supercritical solu- 
tion of aluminum nitride whose solubility has a pos- 
itive pressure coefficient; and selectively growing a 
crystal of aluminum nitride only ontheface of a crys- 
tallization seed arranged in the autoclave, from the 
supercritical solution introduced, by taking advan- 
tage of the positive pressure coefficient of the sol- 
ubility of aluminum nitride. 

26. The process according to claim 24 or 25, wherein 
the ions of the alkali metals are introduced in the 
form of an alkali metal or a mineralizer containing 
no halogen. 

27. The process according to claim 26, wherein the ions 
of the alkali metal are of one or more selected from 
the group consisting of Li + , Na + and K+. 

28. The process according to claim 24 or 25, wherein 
the aluminum-containing feedstock dissolved in the 
supercritical solvent is composed of aluminum ni- 
tride or an aluminum precursor capable of produc- 
ing an aluminum compound soluble in the supercrit- 
ical solution. 

29. The process according to claim 24 or 25, wherein 
the aluminum-containing feedstock is composed of 
AIN formed by HVPE or AIN formed by other chem- 
ical reaction, containing an element which does not 
hinder an ammonobasic supercritical reaction. 

30. The process according to claim 24 or 25, wherein 
the aluminum-containing feedstock is composed of 
a combination of aluminum nitride which is dis- 
solved in the supercritical ammonia solvent through 
an equilibrium reaction, and metallic aluminum 
which irreversibly reacts with the supercritical am- 
monia solvent. 



31. The process according to claim 24 or 25, wherein 
the aluminum-containing feedstock is a sintered 
body of AIN. 

5 32. The process according to claim 24 or 25, wherein 
the crystallization seed is a monocrystalline AIN. 

33. A process for preparing a bulk monocrystalline alu- 
minum nitride, comprising the steps of dissolving an 

10 aluminum-containing feedstock in a supercritical 
solvent containing ammonia and ions of an alkali 
metal to form a supercritical solution of aluminum 
nitride whose solubility has a negative temperature 
coefficient; adjusting the solubility of the supercriti- 
15 cal solution below a level of concentration where no 
spontaneous crystallization occurs, while maintain- 
ing oversaturation of the supercritical solution rela- 
tive to a crystallization seed by raising the temper- 
ature to a predetermined temperature or reducing 
20 the pressure to a predetermined pressure, at least, 
in a zone in the autoclave where the crystallization 
seed is arranged; and selectively growing a crystal 
of aluminum nitride only on the face of the crystal- 
lization seed arranged in the autoclave, from said 
25 supercritical solution. 

34. The process according to claim 33, wherein two 
zones, i.e., a dissolution zone and a crystallization 
zone, are concurrently formed in the autoclave, and 

30 wherein the oversaturation of the supercritical solu- 
tion relative to the crystallization seed is controlled 
by controlling the dissolution temperature and the 
crystallization temperature. 

35 35. The process according to claim 34, wherein the 
temperature of the crystallization zone is set at a 
temperature from 400 to 600°C. 

36. The process according to claim 34, wherein a dif- 
40 f er ence in temperature between the two zones i.e., 
the dissolution zone and the crystallization zone, 
concurrently formed in the autoclave, is maintained 
to 150°C or less, preferably 100°C or less. 

45 37. The process according to claim 34, wherein the 
oversaturation of the supercritical solution relative 
to the crystallization seed is adjusted by providing 
one or more baffles which partition the lower tem- 
perature dissolution zone from the higher tempera- 
te ture crystallization zone, and controlling the con- 
vection amount between the dissolution zone and 
the crystallization zone. 

38. The process according to claim 34, wherein a spec- 
55 jfied difference in temperature is set between the 
two zones, i.e., the dissolution zone and the crys- 
tallization zone, formed in the autoclave, and 
wherein the oversaturation of the supercritical SOlU- 
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tion relative to the crystallization seed is adjusted 
by utilizing an aluminum-containing feedstock 
which is introduced as an AIN crystal having a total 
surface area larger than the total surface area of the 
crystallization seed. 
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